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mediated by homophilic binding between extracellular domains of transmembrane cell adhesion molecules known as cadherins. 3, 4 Juxtacrine interactions between cadherins on adjacent cells typically result in cell-to-cell contact and specific cell recognition, events that are implicated in directing the organization and functional regulation of various mature tissues as well as guiding embryogenesis and development. [5] [6] [7] [8] Furthermore, deficiency or disruption of cadherin-based cell cohesion is often associated with the loss of integrity of intercellular junctions and tissue architecture. 1, 9 These events have been closely linked to reduced expression of differentiation-related markers [10] [11] [12] as well as to the unchecked proliferation of carcinogenic cells and tumor invasiveness. [13] [14] [15] [16] Much focus has been directed toward the investigation of the dynamic molecular mechanisms by which cadherins engage and anchor cells together as well as understanding the cascades of intracellular signaling events that are subsequently activated and coordinated into distinct cell responses. [17] [18] [19] [20] Increased knowledge of cadherin-mediated adhesion and signal transduction has established the notion of utilizing acellular cadherin-based ligands to potentially induce directed cellular morphogenesis and manipulate the intricate balance of cell growth and differentiation. 21, 22 Epithelial cadherin, commonly known as E-cadherin, is a classic transmembrane cadherin containing five repeating domains (EC1-EC5) in its extracellular region as well as a membrane-spanning segment and a highly conserved cytoplasmic tail. 23 The homophilic recognition of E-cadherin by adjacent cells is a multistep process that first requires Ca 2ϩ -dependent lateral (or cis) dimerization of cadherins on individual cell surfaces. [24] [25] [26] After this event, cell-to-cell cohesion then typically proceeds via trans-dimerization between diametrically opposed cadherins of neighboring cells and subsequent stabilization, clustering, and spatial reorganization of cadherin complexes. [27] [28] [29] [30] These events are further associated not only with dynamic cytoskeletal alterations but also with the modification of intracellular signaling pathways, both of which are known to be mediated by cadherin adaptor proteins known as catenins. 19 Catenins are cytosolic proteins that can interface directly with the cytoplasmic tail of bound cadherins, forming complexes that contain ␣-catenin, ␤-catenin, p120 CAS , and plakoglobin (␥-catenin). 31, 32 Through these proteins, engaged E-cadherin is effectively tethered to the actin cytoskeleton, which allows local cytoskeletal rearrangement as well as cellular morphogenesis to occur in response to intercellular adhesion events, leading to growth-inhibited and functionally competent cell phenotypes. 17, 33, 34 In addition, the sequestration of ␤-catenin to cadherin-catenin complexes has been widely reported to have a profound effect on the cell cycle by suppressing growth signals, possibly through modulation of Wnt/Wingless signaling as well as through interactions with signal transduction cascades originating from a number of distinct receptor-ligand activation events. [35] [36] [37] [38] One of the primary challenges of liver tissue engineering is to overcome the poor maintenance of differentiated functions typically observed in primary liver cell cultures in vitro. 39, 40 The inability of hepatocytes, the predominant parenchymal cells of the liver, to sustain physiological levels of metabolic and excretory activity limits the promise of partial cell transplantation therapies as well as bioartificial liver devices. 41, 42 Over the years, investigators have developed a number of strategies aimed at achieving highly functional hepatocytes in vitro, including the manipulation of substrate biochemical and biophysical properties as well as the introduction of soluble stimulatory factors. [43] [44] [45] [46] [47] [48] [49] An alternative strategy is based on observations describing cell density-dependent control of the reciprocal relationship between hepatocellular growth and function. [50] [51] [52] This premise was further reinforced by Nakamura et al., who reported increased expression of hepatospecific functions in primary rat hepatocytes on addition of hepatic membranes to sparsely seeded cultures. 53, 54 Subsequent studies have specifically implicated the expression and homophilic binding of cell membrane-associated E-cadherin to be associated with various states of the hepatocellular cell cycle. [55] [56] [57] In particular, our laboratory has previously shown that heterotypic presentation of E-cadherin to hepatocytes in cocultures using cadherin-transfected fibroblastic cells can significantly induce the expression of liver-specific function. 58 A variety of cell types have been demonstrated to have the ability to recognize and respond to acellular cadherins. These include recombinant forms of the cadherin ectodomain that have been introduced to cell cultures as either soluble or immobilized ligands (conjugated to beads or coated onto substrate surfaces). The diverse reported cellular responses to acellularly presented cadherins have included the induction of neuronal elongation and outgrowth, 59 ,60 the inhibition of oligodendrocyte migration, 61 the upregulation of growth hormone secretion by pituitary cells, 62 the initiation of local cytoskeletal remodeling, 63 the stimulation of myogenic expression and growth arrest of muscle cells, 64 and the specific adhesion of cadherin-expressing cells to cadherin-coated microspheres 65, 66 and culture surfaces. [67] [68] [69] Primary cultures of hepatocytes have been demonstrated to be responsive to recombinant cadherin chimeras in our laboratory. In particular, Brieva and Moghe have reported that acellular cadherins presented to cells via microscale beads can dramatically alter the balance of hepatocellular growth and function. 21, 22 In the current study, we focus on determining the ability of substrate-presented acellular E-cadherin to modulate the morphogenesis and functional behavior of primary hepatic cells. Here, we utilize acellular E-cadherin/Fc chimeras presented on culture surfaces in various configurations to sparsely seeded adult rat hepatocytes. Our findings indicate that hepatocytes can successfully engage substrate-presented E-cadherin/Fc and that exposure to high densities of these ligands significantly alters the outcome of cell morphogenesis and self-assembly, yielding more functionally competent hepatocellular phenotypes.
MATERIALS AND METHODS
Preparation of cadherin-presenting substrates
To functionalize culture substrates with active E-cadherin fragments, E-cadherin/Fc chimeras (R&D Systems, Minneapolis, MN) were commercially obtained, reconstituted according to the manufacturer's instructions, and then coated on the surfaces of 96-well Maxisorp plates (Nalge Nunc International, Rochester, NY) by two different methods. For both techniques, cadherin cis-dimerization was accomplished by two disulfide bonds within the Fc region of human IgG that is fused to the five extracellular subdomains of mouse E-cadherin (Fig. 1A) . For the first method, using concentrations ranging from 0 to 64 pmol/mL, cadherin chimeras were directly adsorbed to microtiter plates by adding E-cadherin/Fc in Dulbecco's phosphate-buffered saline (DPBS, 100 L/well; Cambrex Bio Science Walkersville, Walkersville, MD) containing 0.15 mM CaCl 2 overnight at 4°C. For control wells, equivalent molar concentrations of human Fc (Accurate Chemical & Scientific, Westbury, NY) in DPBS (100 L/well) were utilized to coat well surfaces. Subsequently, wells were washed once with DPBS (100 L/well) and then blocked overnight with 1% bovine serum albumin (BSA; Sigma, St. Louis, MO) in DPBS (100 L/well) at 4°C. After this step, wells were washed three times with DPBS (100 L/well) and plates were stored at 4°C with wells filled to 100 L with DPBS.
For the second coating method (Fig. 1B) , a presentation scheme was designed in order to provide increased ligand mobility for the cadherin chimeras displayed on substrate surfaces. Here, the Fc region of the chimera molecule was coupled to the Fc-binding domain of protein A (SpA), which had been first adsorbed to the culture plate, thereby directing the cadherin ectodomain outward from the substrate surface with the length of SpA acting as a spacer arm. 70 To accomplish this, SpA from Staphylococcus aureus (Polysciences, Warrington, PA) in DPBS (100 L/well) was added onto Maxisorp plates SEMLER ET AL. 
Detection of substrate-presented E-cadherin/Fc
To measure the relative amounts of active E-cadherin/Fc coated on the surfaces of microtiter plates, enzyme-linked immunosorbent assays (ELISAs) were performed with ECCD-1 and a F(abЈ) 2 -specific secondary antibody. ECCD-1, a rat anti-mouse monoclonal antibody (mAb) specific to the N-terminal region of E-cadherin, was purified from hybridoma supernatants (Moffett Laboratory, Princeton University, Princeton, NJ) using ammonium sulfate (Fisher Scientific, Pittsburgh, PA) and DEAE-cellulose (Sigma). For our studies, ECCD-1 antibody solution (40 g/mL) in 100 L blocking buffer containing 3% (w/v) BSA and 1% (v/v) normal goat serum (NGS) was added to E-cadherin/Fc-coated wells for 1 h at room temperature under gentle agitation. Subsequently, wells were washed four times with 100 L of DPBS with Ca 2ϩ and Mg 2ϩ . Next, 100 L of horseradish peroxidase (HRP)-conjugated F(abЈ) 2 fragment-specific goat anti-rat antibody to IgG (Jackson ImmunoResearch, West Grove, PA), diluted 1:50 in blocking buffer, was added to each well for 1 h at room temperature under gentle agitation. After this step, wells were washed four times with 100 L of DPBS with Ca 2ϩ and Mg 2ϩ and then 100 L of o-phenylenediamine (OPD) solution prepared from a SIGMAFAST OPD kit (Sigma) was added to each well. After 2 min, 50 L of 3 N H 2 SO 4 was used to quench the reaction. The optical density at 450 nm of each well was subsequently determined with an MR650 microplate reader (Dynatech Laboratories, Chantilly, VA), and the resulting data from each well were normalized to the corresponding background signal.
Hepatocyte isolation
Hepatocytes were isolated from adult male Fischer rats (180-220 g) under sterile conditions, using a modification of a two-step perfusion procedure. 71 Cell yield and viability were determined via trypan blue exclusion and hemocytometry. Typically 250-300 million hepatocytes were harvested per rat liver with viability ranging from 85-92%. After isolation, cells were initially suspended in Dulbecco's minimal essential medium (DMEM) (Cambrex Bio Science Walkersville) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Cambrex Bio Science Walkersville), epidermal growth factor (EGF, 20 ng/mL; Sigma), insulin (18.5 g/mL; Sigma), hydrocortisone (7.5 g/mL; Sigma), glucagon (7 ng/mL; Sigma), 2 mM glutamine (Cambrex Bio Science Walkersville), 200 U/mL penicillin-streptomycin (Cambrex Bio Science Walkersville), and gentamicin (50 g/mL; Cambrex Bio Science Walkersville). Cells were subsequently diluted for initial culture in serum-free medium, which contained L-proline (60 g/mL; Sigma) as an alternative to FBS. All rats were maintained and handled according to the conditions provided by the Rutgers University Institutional Review Board for the Use and Care of Animals (protocol 97-001).
Hepatocyte culture
To ensure the sterility of culture surfaces before cell studies, each well inside the microtiter plates was filled with 50 L of DPBS and then exposed to ultraviolet (UV) light, using a Spectronics XL-1500 UV Crosslinker (Spectronics, Westbury, NY) for 15 min with the plate lid off and then again for 15 min with the plate lid on. To prevent differential evaporation of culture supernatants inside the wells, plate lids with individual condensation rings (Nalge Nunc) were utilized, and the wells surrounding those designated for cell culture were filled with 300 L of sterile H 2 O before cell plating. After DPBS was removed from the culture wells, hepatocytes were introduced to culture surfaces in a volume of 100 L of serum-free medium at a density of 3.125 ϫ 10 4 cells/cm 2 (10,000 cells per well). As positive controls for hepatocyte adhesion, additional wells were coated with a solution containing rat fibronectin (Sigma) at 32 /g/mL and subsequently blocked for nonspecific adhesion with BSA as previously described. After the first day of culture, culture medium was exchanged daily, using 100 L of serum-containing hepatocyte medium.
Characterization of cell morphogenesis
Cellular morphogenesis was monitored at a magnification of ϫ10 via transmitted light microscopy, using a Zeiss LSM410 laser-scanning confocal microscope (Zeiss, Thornwood, NY). At select time intervals after cell seeding, hepatocytes were viewed on gel surfaces either during culture, using a stage incubator and a 5% CO 2 environment, or after fixing cells with 100 L of 3% paraformaldehyde in DPBS for 20 min at room temperature. After fixation, cells were washed three times with 100 L of DPBS, and then stored in 100 L of DPBS at 4°C before microscopic visualization. Several digitized images were acquired for each condition, and, from each captured image, cellular spreading and elongation patterns (represented by cell area and aspect ratio, respectively) were determined for resident cells, using image processing and analysis via Image-Pro Plus software (MediaCybernetics, Silver Spring, MD).
Detection of secreted hepatospecific products
Albumin and urea secretion rates were measured on days 3 and 5 of culture in order to assess the expression of hepatocellular differentiated function. For albumin detection, culture supernatants were evaluated for rat serum albumin content by an ELISA with purified rat albumin (ICN Pharmaceuticals, Costa Mesa, CA) and peroxidaseconjugated sheep anti-rat polyclonal antibody (ICN Pharmaceuticals). Urea secretion rates were determined from culture supernatants, using the Berthelot reaction via an enzymatic urea nitrogen kit (Stanbio, Boerne, TX). All data were obtained in triplicate and first normalized to either a logarithmic (albumin) or linear (urea) curve fit of known standards and then to the numbers of viable adherent cells for each culture as determined by calcein AM staining. Here, immediately after culture medium was collected for a given time point, cells were washed once with 100 L of DPBS with Ca 2ϩ and Mg 2ϩ and subsequently incubated for 45 min at 4°C with 50 L of 8 M calcein AM (Molecular Probes, Eugene, OR). After this step, 96-well plates containing stained hepatocyte cultures were scanned for fluorescence intensity, using a Cytofluor 4000 plate reader (Applied Biosystems, Foster City, CA) at an excitation of 485 nm and an emission of 520 nm. After background subtraction, data were normalized to fibronectin-coated controls, where cell attachment remained at nearly 100% levels throughout the culture period.
Visualization of intracellular ␤-catenin
Hepatocytes were probed for the distribution of intracellular ␤-catenin and ␣-catenin via immunofluorescence techniques. Here, at select time points of culture, cells were fixed with 3% paraformaldehyde in DPBS with Ca 2ϩ and Mg 2ϩ for 25 min at room temperature. After washing the cells several times with excess DPBS, hepatocytes were permeabilized with 0.1% Triton-X for 5 min at room temperature. Next, cells were again washed several times with excess DPBS and then, at 100 L/well, a blocking solution containing 3% (w/v) BSA and 1% (v/v) NGS was added in order to prevent nonspecific antibody binding. Subsequently, for ␤-catenin staining, 100 L of a solution containing fluorescein isothiocyanate (FITC)-conjugated mouse anti-rat ␤-catenin (BD Biosciences Pharmingen, San Diego, CA) at a 1:50 dilution and Texas red phalloidin (Molecular Probes) at a 1:100 dilution in blocking buffer was introduced to cell-containing wells. After allowing 1 h for staining to be completed, cells were washed four times with excess DPBS and then viewed at a magnification of ϫ20 and a ϫ2 zoom, using a Leica TCS SP2 confocal microscope system (Leica Microsystems, Exton, PA).
Detection of cell-to-substrate cadherin complex formation
To verify cadherin complex formation between cellbased cadherins and substrate-presented cadherins, a membrane-impermeable cross-linker was utilized to covalently link all external cell receptors to their respective ligands. After cells were subsequently extracted from culture surfaces, cross-linking was reversed and supernatants were collected and analyzed for the presence of rat E-cadherin. This strategy is based on studies that have examined fibronectin-integrin interactions between cells and their substrates 72, 73 as well as those that have used cross-linking to detect intact cadherin trans-dimers between cells. 24 For our studies, to accomplish this, either sulfo-BSOCOES (Pierce Biotechnology, Rockford, IL) or DTSSP (Pierce Biotechnology) was first freshly reconstituted to a concentration of 1 mM in DPBS containing 2 mM CaCl 2 . Next, culture medium was removed and cells were washed once with ice-cold DPBS with 2 mM CaCl 2 (100 L/well). After this step, 100 L of cross-linking solution was added to culture wells for 15 min at 4°C. Subsequently, cross-linking reactions were quenched by removing the cross-linking solution and then adding 100 L of 50 mM Tris (pH 7.4; Fisher Scientific) for 5 min at room temperature under gentle agitation. After neutralization of cross-linking, cells were extracted from culture surfaces with a solution containing 50 mM Tris (pH 7.4), 150 mM NaCl (Fisher Scientific), 0.1% (w/v) sodium dodecyl sulfate (SDS; Bio-Rad, Hercules, CA), 2 mM phenylmethylsulfonyl fluoride (PMSF; Sigma), and aprotinin, leupeptin, and pepstatin A (10 g/mL each; Sigma). After allowing 30 min at 37°C for complete cell extraction, detached cells were removed by washing the wells three times with DPBS with Ca 2ϩ and Mg 2ϩ (100 L/well). Next, cross-linking was SEMLER ET AL.
reversed at 37°C for 2 h, using 100 L of either a solution containing 50 mM NaHCO 3 and 0.1% SDS at pH 11.6 (for proteins cross-linked via sulfo-BSOCOES) or a 50 mM dithiothreitol (DTT; Sigma) solution (for proteins cross-linked via DTSSP). After this step, supernatants were triturated several times and transferred to a fresh 96-well Maxisorp plate (Nalge Nunc), where proteins were allowed to bind to the well surfaces overnight at 4°C. Subsequently, wells were washed several times with DPBS and then blocked with 100 L of a solution containing 3% (w/v) BSA and 1% (v/v) NGS overnight at 4°C. Wells were then washed once with DPBS and then exposed to 100 L of a solution containing mouse anti-rat E-cadherin antibody (BD Biosciences Pharmingen) at a dilution of 1:100 in blocking buffer for 1 h at room temperature. Wells were subsequently washed four times with excess DPBS (with Ca 2ϩ and Mg 2ϩ ) and then 100 L of a solution containing peroxidase-conjugated F(abЈ) 2 -specific goat anti-mouse IgG (Jackson ImmunoResearch) was added to each well for another 1 h. After this step, wells were again washed four times with excess DPBS and then ELISA reactions were performed as described previously.
To assess the stability of substrate-bound E-cadherin/Fc chimeras over the course of culture, original culture plates were further evaluated after the reversal of cross-linking. Here, after plates were sufficiently washed, wells were exposed to 100 L of blocking buffer overnight for at least 1 h at 4°C. Subsequently, cadherin chimeras were detected with ECCD-1 via ELISA techniques as previously outlined. For both substrate-bound and cell-to-substrate-bound cadherin assays, E-cadherin/Fc-and Fc-coated surfaces that were exposed to cell medium during culture in the absence of hepatocytes were utilized as controls.
Statistics
Statistical analyses were performed by unpaired t tests, assuming unequal variances, and a confidence level of 95% (p Ͻ 0.05) was considered necessary for statistical significance. All error bars indicate the standard error around the mean.
RESULTS
Substrate E-cadherin/Fc presentation schemes possess similar binding efficiency
ELISAs were performed to detect the relative amounts of E-cadherin/Fc coated onto the surface of immunoassay plates either via direct adsorption or via protein A (SpA) conjugation over a wide range of protein concentrations. Here, it was determined that for both immobilization conditions, E-cadherin/Fc reached detectable levels near a bulk concentration of 0.64 pmol/mL and attained a saturation level at a level two orders of magnitude greater (Fig. 2) . At low concentrations, detection profiles for directly adsorbed and SpA-presented E-cadherin/Fc were nearly identical; however, at bulk concentrations greater than 32 pmol/mL, the signal generated from directly adsorbed E-cadherin/Fc was measured to be marginally greater than that arising from SpA-presented E-cadherin/Fc. This may be the result of lack of imperfect efficiency of E-cadherin/Fc binding to SpA because cadherin chimeras were added to wells in an exact 2:1 molar ratio to SpA, a molecule that contains two Fcbinding sites.
Substrate-presented E-cadherin/Fc alters hepatocellular morphogenesis and self-assembly
On directly adsorbed E-cadherin/Fc, the evolution of hepatocellular morphogenesis was determined to be critically sensitive to cadherin chimera concentration as selfassembly of hepatocytes was much more three-dimensional (3-D) in nature with increasing cadherin exposure (Fig. 3) . In particular, at low levels of cadherin presentation (0.64 pmol/mL), cells spread rapidly by 20 h, an event that was followed by extensive 2-D cell reorganization by 72 h and the maintenance of flattened aggregates by day 5 of culture (Fig. 3A) . This evolution of cell morphogenesis was nearly identical to that arising from negative control conditions in which human Fc was directly adsorbed to substrates in lieu of E-cadherin/Fc (Fig.  3D) . Intermediate levels of cadherin exposure (6.4 pmol/mL) induced a marked reduction in cell spreading at 20 h, and, although cell aggregation proceeded in a 2-D manner by 72 h, cell aggregates were noticeably less 2-D interconnected and more thick in nature on day 5 of culture ( Fig. 3B) . The most dramatic differences in hepatocellular self-assembly from negative control conditions occurred at the highest level of cadherin substrate   FIG. 2 . Dose-dependent detection of substrate-bound E-cadherin/Fc via ELISA techniques using rat anti-mouse E-cadherin antibody (ECCD-1), which recognizes the EC1 N-terminal site of E-cadherin. presentation (64 pmol/mL), where a considerable inhibition of cellular spreading and elongation was observed by 20 h (Fig. 3C) . By day 3 of culture, hepatocyte reorganization did progress in a 2-D manner, somewhat similar to other conditions; however, by day 5 of culture, cell aggregates were substantially more compacted and 3-D in nature than those arising from cultures on intermediate levels of substrate-displayed E-cadherin/Fc.
On SpA-presented E-cadherin/Fc surfaces, a trend similar to that observed for hepatocyte self-assembly on directly adsorbed cadherin was detected, with hepatocellular morphogenesis yielding cell aggregates that were markedly more 3-D in nature on increasing exposure to substrate-displayed E-cadherin/Fc. Notably, this effect was even more dramatic at high levels of E-cadherin/Fc presentation (64 pmol/mL), with the onset of hepatocyte reorganization was slower to occur by 20 h, 2-D cell aggregation was less pronounced by 72 h, and only multicellular hepatocyte spheroids were observed by day 5 of culture ( Fig. 4A) . These responses to substrate-displayed E-cadherin/Fc were again found to be specific to the cadherin ectodomain of the chimera as protein A-presented Fc controls did not produce any noticeable inhibition of 2-D cell assembly in favor of 3-D reorganization (Fig. 4B) .
To provide quantitative evidence of the differential kinetics of hepatocellular morphogenesis observed under the various cadherin presentation schemes, single-cell area was quantified after 20 h of cell culture (Fig. 5) . Here, it was determined that hepatocytes exposed to increasing levels of substrate-bound cadherin remained more rounded in shape for both directly adsorbed and SpA-presented conditions. Specifically, statistically significant differences in cell area were detected between cultures under conditions of high and intermediate levels of cadherin exposure as well as between intermediate and low levels. At the lowest levels of cadherin immobilization, cell spreading was similar to negative control conditions, in which Fc was coated onto substrates in lieu of SEMLER ET AL. cadherin. It should also be noted here that, at this time point, the levels of cell spreading detected under these conditions remained significantly less than those detected for cells cultured in fibronectin-coated wells that served as a positive control for substrate-activated cell spreading (data not shown). Between equivalent cadherin concentration conditions for the two presentation schemes, substantial differences were measured only at the highest level of cadherin exposure. Here, SpA presentation was determined to significantly inhibit further cellular spreading by 20 h of culture by approximately 12%, as nearly all cells remained spheroidal in shape in comparison with directly adsorbed conditions, in which a small population of cells was observed to undergo polarization and elongation.
Hepatocellular function is markedly augmented on cadherin-coated substrates
On directly adsorbed E-cadherin/Fc, increasing levels of substrate-displayed E-cadherin/Fc led to elevated levels of albumin secretion on both days 3 and 5 of culture (Fig. 6A ). These differences were more pronounced on day 3 of culture as albumin levels were reported to be 31% greater between high levels of cadherin expression and Fc controls and 20% greater for intermediate levels versus controls. In addition, these levels of cadherin expression were well above those reported for fibronectincoated conditions, which were utilized as positive controls for cell adhesion and spreading (data not shown). For SpA-presented cadherin cultures, a similar trend in albumin secretion was detected on increasing cadherin exposure (Fig. 6B) . However, for these conditions, the largest differences in albumin expression between cultures on cadherin-coated plates versus controls were observed on day 5 of culture and were substantially more dramatic. Here, for the highest level of cadherin exposure, albumin levels were measured to be 84% greater than controls as they were reported to be at the highest level noted in our study (ϳ59 pg/cell per day). These measurements were an additional 47% greater than corresponding values for the highest levels of cadherin exposure under directly adsorbed conditions. Urea secretion profiles for cadherin-exposed cultures followed patterns similar to those reported for albumin secretion. In particular, on directly adsorbed cadherin substrates, cells exhibited increasing urea synthesis on in- creasing cadherin exposure on days 3 and 5 of culture (Fig. 7A) . At the highest level of cadherin exposure, cell cultures were detected to express 27 and 22% more urea than that reported for corresponding Fc controls on days 3 and 5, respectively. In addition, these levels were also much larger in magnitude than those reported for cultures on fibronectin-coated surfaces (data not shown). On SpApresented cadherin surfaces, the highest level of urea secretion was again reported for the highest degree of cadherin exposure (Fig. 7B) . These values were 22 and 25% greater than Fc controls by days 3 and 5 of culture, respectively. In addition, urea expression was at its maximal value reported in this study under these conditions on day 5 of culture, as SpA presentation resulted in a further 11% increase over directly adsorbed cadherin culture conditions.
Cell-to-substrate cadherin interactions are formed and sustained during culture
To evaluate the formation and maintenance of complexes between cell-bound and substrate-bound cadherins, assays were performed to determine the stability of E-cadherin/Fc coated on substrate surfaces and to detect the amount of cell-to-substrate cadherin present over the course of culture. Substrate-bound E-cadherin/Fc was measured after days 1 and 3 of culture after the extraction of cells on surfaces that were coated with the highest cadherin density used in this study (Fig. 8A) . Here, the amount of substrate-displayed E-cadherin/Fc was determined to remain at consistent levels over the course of culture. These levels were also nearly identical when compared with those detected for similarly functional-SEMLER ET AL. ized surfaces that were exposed only to culture medium without cells over the same time periods (data not shown). It is also important to note here that ELISA absorbance values generated from directly adsorbed E-cadherin/Fc substrates did remain at higher levels than those originating from SpA-present E-cadherin/Fc surfaces at both these time points. This result was consistent with the higher levels reported for directly adsorbed conditions before the onset of cell culture (Fig. 2) .
Following days 1 and 3 of culture, relative levels of cell-to-substrate cadherin were measured via ELISA techniques after the covalent cross-linking of engaged cadherin, cell extraction, and subsequent reversal of cross-linking. Results indicated that ELISA absorbance values generated from cadherin-coated substrates were significantly greater than those reported from Fc controls at the highest levels of cadherin exposure (Fig. 8B) . These measurements were also much higher than those originating from cadherin-coated wells that were incubated in culture medium in the absence of cells, thereby confirming that these signals were from cell-bound rat E-cadherin and not the result of disengagement and nonspecific detection of substrate-bound mouse cadherins (data not shown). Although similar levels of cell-to-substrate cadherin were detected after day 1 of culture, a statistically significant increase in engaged cadherins was determined in cultures with SpA-presented cadherin exposure over those that had directly adsorbed ligands.
Intracellular ␤-catenin distribution is affected by substrate-displayed E-cadherin/Fc
Hepatocytes were labeled with FITC-conjugated ␤-catenin antibody in order to detect intracellular ␤-catenin on day 3 of culture ( Fig. 9) . Here, hepatic cells were found to have considerably different patterns of ␤-catenin distribution versus control cultures under conditions in which E-cadherin/Fc had been coated on the substrate surface at a high concentration (64 pmol/mL). In particular, for directly adsorbed conditions, ␤-catenin was detected to be localized at cell-cell borders as well as being present as punctate-like structures inside the cells near their basal surface on cadherin-functionalized substrates (Fig. 9A) . This was in contrast to observations of intracellular ␤-catenin for cells cultured on control Fc surfaces where ␤-catenin was predominantly concentrated at cell junctions (Fig. 9B) . Under protein A-presented ligand conditions, similar differences between E-cadherin and Fc control surfaces were detected. Specifically, although hepatocytes had a less 2-D and more compact morphology on cadherin-coated surfaces, these cells still exhibited both staining of ␤-catenin at the cell periphery for contacting cells and within cells, as numerous punctate-like structures were apparent (Fig. 9C) . On Fc control surfaces, intracellular ␤-catenin was isolated only at the cell-cell borders (Fig. 9D) .
Substrate-bound E-cadherin/Fc modulates cell morphogenesis and function of extremely sparse cultures
To limit the effects of potential juxtacrine signaling on the response of cultured hepatocytes to substrate-presented E-cadherin/Fc, cells were plated at progressively sparser densities, which included cultures established at 5000 cells per well (1.56 ϫ 10 4 cells per cm 2 ) and 2500 cells per well (7.8 ϫ 10 3 cells/cm 2 ). Here, for both these cell densities, the patterns of hepatocellular morphogen-
FIG. 8. (A)
Detection of substrate-bound E-cadherin/Fc after 24 and 72 h of hepatocyte culture. Cells were extracted from substrate surfaces originally coated with either E-cadherin/Fc or human Fc at a bulk concentration of 64 pmol/mL, and rat anti-mouse E-cadherin (ECCD-1) was utilized to measure the relative amount of substrate-displayed E-cadherin/Fc via ELISA techniques. (B) Determination of cell-to-substrate Ecadherin after 24 and 72 h of culture. Engaged cadherins were covalently coupled via membrane-impermeable cross-linking agents followed by cell extraction. Subsequently, cross-linking was reversed, supernatants were transferred to immunoassay plates, and mouse anti-rat E-cadherin was used to detect the presence of hepatocellular E-cadherin via ELISA techniques. Single asterisks indicated a significant difference between protein A-presented E-cadherin/Fc substrate conditions and directly adsorbed counterparts.
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esis on increasing E-cadherin/Fc exposure were similar to those reported previously for cultures seeded at 10,000 cells per well. However, while cell spreading appeared to be largely inhibited at the highest levels of substratepresented E-cadherin/Fc (directly adsorbed), hepatocyte self-assembly was also extremely limited under these conditions compared with Fc control cultures (Fig.  10A-D) . This was in contrast to the aggregation behavior observed at 10,000 cells per well (Fig. 3C) , where cells were able to form large multicellular aggregates that were somewhat more 3-D in nature compared with that of control cultures. SEMLER ET AL. Albumin secretion rates were measured for sparsely seeded hepatocytes after day 5 of culture, at which time it was determined that albumin expression was enhanced with increasing substrate-based cadherin exposure (Fig.  10E ). Specifically, the highest level of cadherin presentation produced levels of albumin secretion that were approximately 3-fold greater than that of control cultures. These increases were well beyond those reported for cultures seeded at 10,000 cells per well, where only a 24% elevation in albumin synthesis was reported under similar substrate conditions. However, the magnitude of albumin secretion rates was strictly limited by cell density, particularly at the lowest cell density, as the maximal levels of albumin production reached only 21 pg/cell per day under these conditions compared with nearly 35 pg/cell per day for intermediate cell density cultures (a 38% reduction). In contrast, only an 11% reduction in albumin secretion was noted between high-and intermediate-density cultures.
DISCUSSION
The ability of hepatocytes to sustain physiological levels of liver-specific functionality in vitro has been intimately linked to their degree of cadherin-mediated cell-to-cell contact. 52, 56, 57 Recombinant E-cadherin/Fc chimeras have been demonstrated to mimic homophilic cadherin binding in cultures of primary hepatocytes, consequently inducing marked alterations in cell cycle behavior when presented to cells as ligands conjugated to microscale beads. 21, 22 In this study, as an alternative to cadherin-reactive beads, we have investigated the ability of substrate-based acellular E-cadherin/Fc chimeras to act as "cytomimetic" ligands and consequently modulate hepatocellular morphogenesis and selfassembly as well as determine cell functional fate. Our results highlight the differentiation-promoting effects of Ecadherin/Fc on cultured hepatocytes and suggest that exogenous E-cadherin may potentially be incorporated into the design of hepatocyte-specific biomaterials as a functional phenotype-inducing ligand.
One of our key findings is that exposure of cultured hepatocytes to increased levels of substrate-based E-cadherin/Fc significantly modulates the outcome of cell morphogenesis. In particular, patterns of hepatocyte self-assembly on substrate-presented E-cadherin/Fc yielded cell aggregates that were considerably more 3-D in nature. A possible explanation for reduced hepatocyte spreading and 2-D aggregation on E-cadherin/Fc-coated surfaces may involve the relatively weak binding that cadherins typically mediate in comparison with other receptor-ligand interactions. 74, 75 Thus, cadherin-presenting surfaces may lack adequate traction to support the degree of cytoskeletal rearrangement required for significant cell elongation. As a result, native cell cohesive forces may dominate over those ari sing from the substrate surface, leading to the formation of compacted cell aggregates. 76 However, under progressively sparse seeding densities, we observed similar inhibition of cell spreading, indicating that the cell compaction mediated by substrate-based cadherins is not directly enabled by native cell-cell contact formation. As an alternative to the foregoing hypothesis, we believe that the cadherin-induced promotion of 3-D cellular morphogenesis is related to intracellular signaling generated via cell-to-substrate cadherin interactions. In particular, we suspect that cell-to-substrate cadherin engagement may trigger the activation of signal cascades that are aimed to preserve a differentiated, functionally competent cellular phenotype. The initiation of these events may play a key role in the patterns of morphogenesis observed in our experiments because cell spreading and elongation are often associated with epithelial dedifferentiation. 77 In addition to the cadherin-induced alterations in cellular morphogenesis, we detected significantly increased levels of several indicators of hepatocellular function under conditions in which E-cadherin/Fc was displayed at high density on substrate surfaces. However, in our studies, it is not possible to decouple the primary role of ligand signaling from the secondary role of ligand-induced cell morphogenesis on hepatocyte functional induction on cadherin-presenting substrates. For hepatocyte cultures, it is well known that cell shape is highly correlated to cell functional fate. [78] [79] [80] Numerous studies have previously reported that 3-D aggregates are typically associated with high degrees of differentiated function whereas monolayer-type aggregates are linked to substantially lower levels. 43, 55, 56, 81 Our results were consistent with these reports as the 2-D aggregates observed in control cultures were shown to exhibit low levels of function whereas the 3-D multicellular structures formed under cadherin-exposed conditions functioned at a considerably higher level. In an attempt to reduce any function-inducing effects of native intercellular contact in 3-D aggregates relative to those elicited by cell-to-substrate cadherin interactions, we utilized increasingly sparse hepatocyte cultures. Here, we detected even greater increases in cell function versus similarly seeded control cultures. This indicated that the functional abilities of isolated cells could be augmented via substratepresented E-cadherin/Fc and deemphasized any effect that the dimensionality of native cell contacts may have in generating a function-promoting effect.
Although cell morphology can have the ability to regulate hepatocyte functional fate, reports generated by our laboratory have demonstrated that cocultured cell-based E-cadherin presentation can induce elevated levels of hepatocellular differentiated function without inducing significant cell morphologic changes. [52] [53] [54] 82 This response is believed to be the result of cadherin-induced signaling, because the establishment of cadherin-cadherin in-teractions between cells competes with Wnt signaling by sequestering ␤-catenin to the cell membrane 83 and depleting its cytoplasmic pool concentration. 36, 37 These events limit the amount of ␤-catenin that enters the nucleus, where it would otherwise associate with transcription factors such as LEF-1 and Tcf and activate the expression of growth-related genes including cyclin D1 and c-myc. 84, 85 This, in turn, may trigger hepatocyte dedifferentiation, as hepatocellular growth and function are well known to be reciprocally related in the cell cycle. 86, 87 In our studies, we observed that the qualitative distribution of intracellular ␤-catenin is markedly altered when hepatocytes are exposed to high levels of substrate-presented E-cadherin/Fc. Specifically, recognition of substrate-displayed cadherin appeared to cause ␤-catenin to form punctate structures within the cells without disrupting the localization of these signaling molecules to the cell-cell borders. This suggests that cell-based cadherins are sufficiently engaged to the substrate to cause the recruitment of a substantial amount of ␤-catenin to the cell-substrate interface in addition to the levels of ␤-catenin bound to engaged E-cadherin at native cell junctions.
Our studies also demonstrate that the degree to which cells are responsive to substrate-bound E-cadherin/Fc may be intimately dependent on the manner of cadherin presentation. In particular, the geometric and biophysical features of cadherin display on the substrate surface may be critical for efficient cadherin engagement, clustering, and subsequent cadherin-induced activation of intracellular signaling events. When we utilized protein A (SpA) to anchor cadherins to substrate surfaces in order to direct the cadherin ectodomain outward and act as an additional spacer arm for these ligands, we found that Ecadherin/Fc chimeras presented in this configuration resulted in a greater reduction in cellular spreading and more highly compacted cell aggregates. In addition, the expression of hepatospecific function under SpA presentation conditions was elevated in comparison with directly adsorbed counterparts. Albumin secretion rates were also determined to increase over time when cultured on SpA-presented cadherins, unlike cell responsiveness on directly adsorbed cadherins. Here, we believe that SpA-tethered cadherins can afford additional ligand mobility for cadherin-cadherin binding, leading to more stable and effective cell-to-substrate cadherin complexation and clustering. Correspondingly, in our studies after 3 days of culture, we detected significantly higher levels of cell-to-substrate cadherin at the highest degree of E-cadherin/Fc presentation when these ligands were displayed via SpA versus being directly adsorbed. The extent to which SpA presentation increases the mobility of substrate-displayed cadherin molecules is currently the subject of ongoing studies in our laboratory.
In conclusion, we have demonstrated that substrate-presented E-cadherin/Fc can promote the formation of more functionally competent cell phenotypes on polystyrene surfaces and prevent the temporal functional deterioration normally associated with dedifferentiating monolayer cultures of hepatocytes in vitro. 48 In our studies, the highest levels of cell differentiated function detected (albumin secretion at ϳ44 pg/cell per day by day 3 and ϳ59 pg/cell per day by day 5) not only exceed those typically obtained for hepatocellular cultures on plastic surfaces but also surpass corresponding values reported for common hepatocyte substrates such as single collagen gels (2-10 pg/cell per day). 45, 88 Furthermore, over a comparable time scale, the secretion levels detected here remain near those reported for hepatocytes in similarly seeded 3-D culture environments that are known to strongly support the maintenance of hepatocyte function. These include the collagen gel sandwich (45-55 pg/cell per day) and Matrigel (50-60 pg/cell per day). 44, 49, 50, 89 It remains to be seen whether further alterations to the biophysical presentation of acellular E-cadherin to hepatocytes can induce heightened cell functional responsiveness beyond the levels detected in this study. Insights gained from this work may be relevant not only to achieving highly functional cultures of adult hepatocytes under conditions that would otherwise be function inhibitory, but also to obtaining effective stem cell differentiation into mature liver cells, because undifferentiated hematopoietic cells as well as hepatoblasts have been shown to express and recognize E-cadherin during development. 90, 91 
